Abstract We investigate the faulting process of the aftershock region of the 2000 western Tottori earthquake (M w 6.6) by combining aftershock hypocenters and moment tensor solutions. Aftershock locations were precisely determined by the double difference method using P-and S-phase arrival data of the Japan Meteorological Agency unified catalog. By combining the relocated hypocenters and moment tensor solutions of aftershocks by broadband waveform inversion of FREESIA (F-net), we successfully resolved very detailed fault structures activated by the mainshock. The estimated fault model resolves 15 individual fault segments that are consistent with both aftershock distribution and focal mechanism solutions. Rupture in the mainshock was principally confined to the three fault elements in the southern half of the zone, which is also where the earliest aftershocks concentrate. With time, the northern part of the zone becomes activated, which is also reflected in the postseismic deformation field. From the stress tensor analysis of aftershock focal mechanisms, we found a rather uniform stress field in the aftershock region, although fault strikes were scattered. The maximum stress direction is N107ЊE, which is consistent with the tectonic stress field in this region. In the northern part of the fault, where no slip occurred during the mainshock but postseismic slip was observed, the maximum stress direction of N130ЊE was possible as an alternative solution of stress tensor inversion.
Introduction
On 6 October 2000 at 04:30 UTC, the western Tottori earthquake (M w 6.6) occurred in southwestern Japan, where very few large earthquakes have occurred since the 1943 Tottori earthquake of M 7.4 (Kanamori, 1972) (Fig. 1) .
Within the 15 years before the 2000 western Tottori earthquake, background seismicity covered the whole aftershock region of the 2000 western Tottori earthquake and several M 5 earthquakes were observed on the mainshock fault of the 2000 western Tottori earthquake (southern part of the aftershock region) (Shibutani et al., 2002) . At that time, since the seismic observation network was sparse, they could not obtain the precise geometry of the fault structure in this region. But from the background seismicity, a very vague image of the fault could be obtained before the mainshock. Their result showed that in the southern part of the aftershock region of the western Tottori earthquake, a fault existed before the mainshock but in the northern part, there was no information about the geometry of the fault before the mainshock.
Moreover, Yagi and Kikuchi (2000) and Iwata and Sekiguchi (2001) analyzed the rupture process of the 2000 western Tottori earthquake, and they found that slip occurred only in the southern part of the aftershock region. Sagiya et al. (2002) reported from the analysis of Global Positioning System (GPS) data that the postseismic slip occurred in the northern part of the aftershock region where little slip occurred during the mainshock.
In the western Tottori region, northwest-southeast tectonic loading is dominant (Tsukahara and Kobayashi, 1991) due to the subduction of both the Pacific and Philippine sea plates beneath the Eurasia plate. This is the typical stress environment in the southwest of Japan (Ichikawa, 1971) . Due to this driving stress, north-south-or east-west-trending strike-slip faults are commonly observed (Research Group for Active Faults of Japan, 1991) .
The western Tottori earthquake and its aftershocks occurred within the recently developed nationwide seismic network. High-quality seismic data were available from the microearthquake networks operated by Hi-net, the Japan Meteorological Agency (JMA), and universities. Broadband waveforms from the FREESIA (now called F-net) broadband seismic network and strong motion waveforms from the K-net and Kik-net are also available. JMA routinely processes the microearthquake data from Hi-net, the university group network, and its own network (Japan Meteorological Agency, 2001 arrival times of the Tottori mainshock and its aftershocks that we used in this study. The National Research Institute for Earth Science and Disaster Prevention (NIED) routinely estimates the seismic moment tensors whose JMA magnitudes are greater than 3.5 using the FREESIA network (Fukuyama et al., 1998 (Fukuyama et al., , 2001a Kubo et al., 2002) .
A new high-resolution hypocenter relocation technique has recently been developed by Waldhauser and Ellsworth (2000) . This technique minimizes the residuals between observed and calculated travel time differences (or double differences [DDs]) for pairs of nearby earthquakes. By forming differences in this manner, the common mode travel time errors are canceled, making the computation insensitive to the assumed velocity structure. We have applied this method to the 2000 western Tottori earthquake and its aftershocks.
In this article, in order to reveal the detailed fault structure in the region of the 2000 western Tottori earthquake, we first relocated its aftershocks using the DD method. Then, we compared the fault structure revealed by the relocated seismicity with the moment tensors obtained from broadband seismic waveforms of the corresponding events. We construct a fault model of the 2000 western Tottori earthquake region based on the relocated aftershock hypocenters and moment tensor solutions. Finally we estimate the stress field using stress tensor inversion and investigate its compatibility with the fault geometry.
Relocation of Aftershock Sequence
JMA gathers all the data streams from the microearthquake stations of Hi-net, several university networks, and its own network and routinely reads the P-and S-wave arrivals to determine the hypocenters (Japan Meteorological Agency, 2001 ). We used this arrival time data for earthquakes occurring from 6 October to 17 November 2000, in the region between 35. 00Њ and 35.50Њ N, 133.00Њ and 133 .55Њ E. In total, there are about 9200 events in the JMA unified data set, and we successfully relocated about 8500 using the DD method.
To relocate the earthquakes with "hypo DD" (a program for the DD method; Waldhauser and Ellsworth, 2000) , we used stations within an epicentral distance of 120 km (Fig. 1 ) in order to exclude the Pn arrivals. We discarded events with fewer than eight readings. We used a velocity structure with four layers, as shown in Table 1 . The S-wave velocity is assumed to be of the P-wave speed. 1/ 3 Ί We also tested the velocity model used for routine location at the Disaster Prevention Research Institute, Kyoto University (T. Shibutani, personal comm. 2000) , which also consists of four layers (Table 1 ). The main difference between the models is the velocity in the shallow parts. However, there are no distinct differences in the seismicity pattern. This implies that the DD method is robust with respect to the uncertainties in the velocity structure. We prefer the primary model because fewer events were pushed above the model surface, indicating that low velocity near the surface is more appropriate in this case.
Included among the unrelocated earthquakes are fewer than 10 M 3-4 earthquakes that occurred within 1/2 hour of the mainshock. Relocation failed because of an insuffcient number of readings created by their overlapping waveforms. All other unrelocated aftershocks are all M 2 or smaller earthquakes. The percentages of unrelocated events for greater than and less than M 3.0 events are 2.1% and 6.6%, respectively. Thus we could successfully relocate most of the important aftershocks.
In Figure 2 , the original JMA hypocenters from the unified catalog and the result of the DD relocation are shown. Many fine fault structures that are suggested in the JMA hypocenters can be easily recognized in the DD relocations. In the gross view, two major fault trends are evident. One trends N145ЊE, which is consistent with the mainshock fault direction. The other is almost north-south (N170ЊE) in trend, which can be seen in the northern part. It should also be noted that there are conjugate faults for both groups, the western branch and northern fault group. These two lineaments (N145ЊE and N170ЊE) might suggest a pre-existing fault system at depth 8-10 km.
In Figure 2 , a longitudinal cross section of relocated hypocenters is shown. Aftershocks in the southern region (12-30 km in distance in Fig. 2) , where slip occurred during the mainshock (Yagi and Kikuchi, 2000; Iwata and Sekiguchi, 2001) , are distributed from 2 to 15 km in depth; however, in the northern part (0-12 km in distance in Fig. 2 ) where little if any slip occurred during the mainshock, aftershocks are distributed in a very narrow depth range. Toward the southern end of the zone, the fault plane develops a westward dip (Fig. 2) .
The sparse geometry of the permanent station network limits our ability to determine focal depths, particularly for the shallowest event. Only two permanent stations are located close to the main body of the aftershock zone, and none atop the complex northern end of the zone. Consequently, our depths in this region are poorly constrained. Focal depths estimated using more than 60 temporary stations installed just above the focal region by the Joint Group for Dense Aftershock Observation of the 2000 Tottori-ken Seibu Earthquake (2001) were reported to be as shallow as 2 km in the northern part. We believe that their focal depths should be more accurate than ours. Fortunately, the vast majority of the structures observed in the northern part of the zone are vertical strike-slip faults, and thus the lack of absolute depth control little affects their interpretation.
In the southern part of the zone, one permanent station sits just above the fault (H.HINH; see Fig. 2 ). We can ex- amine the depth of earthquakes occurring beneath this station using S-P times. Figure 3 shows the relation between estimated depths and observed S-P times for earthquakes occurring within the epicentral distance of 2 km from this station. There are some earthquakes that appear to be systematically too deep, but others agree with the observed S-P interval. In this figure, S-P times in the range from 0.4 to 1.8 sec correspond to the depth interval from 3.2 to 14.8 km, assuming that the average V p ‫ס‬ 6 km/sec and all earthquakes occur beneath the station (i.e., D ‫ס‬ 0 km). The depth range of the relocation is 4-15 km, which is consistent with the estimates using S-P times. These depths are also consistent with the depth range of the rupture during the mainshock (2 and 15 km) estimated by waveform inversion of nearfield accerelograms (Iwata and Sekiguchi, 2001 ).
In Figure 4 , the temporal development of the cumulative aftershock distribution is shown. Within 15 min of the mainshock, the aftershocks concentrate along the southern part, where the slip during the mainshock is estimated to occur (e.g., Yagi and Kikuchi, 2000; Iwata and Sekiguchi, 2001) . By 60 min after the mainshock, activity appears throughout the entire extent of the aftershock region. As time progresses, activity fills in the fault structures.
On 8 October at 13:17, the largest aftershock (M w 5.1) occurred about 20 km west of the mainshock region. This event was followed by its own aftershocks. With additional passage of time, the structures within the main zone densified and widened, which might suggest that the aftershock activity expanded from the mainshock fault surface to the entire fault zone. Also, several new alignments of aftershocks were recognized inside the aftershock region.
As stated before, there are about 10 relatively large earthquakes (M Ͼ2) that occurred within 30 min after the mainshock and could not be relocated, but other unrelocated earthquakes are all very small earthquakes (M Ͻ2). Thus while the first snapshot in Figure 4 is missing about 10 detected earthquakes, the other snapshots will not change significantly since the total number of unrelocated earthquakes is only 6.4%.
Fault Model by Aftershocks and Moment Tensors
In Figure 5 , strike directions and moment tensor solutions for M Ն 3.5 aftershocks are displayed together with all relocated hypocenters. All focal mechanism parameters are listed in Table 2 . The strike directions are estimated from the moment tensor analysis using broadband seismic waveforms (Fukuyama et al., 1998 (Fukuyama et al., , 2001a . The details of the procedure can also be found in Fukuyama and Dreger (2000) , Fukuyama et al. (2001b) , and Kubo et al. (2002) . Among the two possible fault planes in the moment tensor solution, the fault plane was chosen in the following way. First, the direction close to that of the mainshock rupture (N150ЊE) is chosen. The provisional plane is then compared to the fault trend of the DD hypocenters, and obvious disagreements are manually switched to the auxiliary plane.
According to Kubo et al. (2002) , errors in principal axis directions are less than 15Њ in the NIED seismic moment tensor catalog. This error estimate is based on the comparison between NIED moment tensors, Harvard Centrold Moment Tensor, and JMA focal mechanism catalog. In the Tottori region, since observational conditions are more favorable than those of offshore earthquakes, this 15Њ error might be an upper bound.
One can see in Figure 5 the excellent agreement between relocated seismicity and fault strike directions estimated by the moment tensors. Taking into consideration the estimation errors of principal axis directions of moment tensors and fits between strikes from moment tensors and hypocenter distribution, the results suggest that the scattering of the principal axes of moment tensors of aftershocks is caused by a locally complicated fault system.
We have modeled the fault structure based on the relocated aftershocks. By looking at the map view of relocated aftershocks, the strike of each fault was chosen. Then from the cross section perpendicular to the fault strike, the dip angle of each fault was estimated. These selections were done by hand. We did not use a fitting algorithm to obtain the fault plane automatically, because it was diffcult to separate the earthquakes on the fault from off-fault ones. Instead, by using human eyes, we could obtain a robust fault model that convincingly explains the relocated hypocenters. The fault model is shown in Table 3 and Figure 6 . We also compared the fault model with the moment tensor solutions in order to check the geometry of each fault. This comparison explicitly assures the validity of the fault-plane selection by hand. Slip directions shown in Table 3 were obtained from the moment tensor solutions.
The obtained fault traces can be classified into two groups of left-lateral faults, N145ЊE (faults 1, 2, 4, 5, 6) and N165ЊE (faults 9, 12, 13). It should be noted that the two fault groups also have associated conjugate right-lateral faults (fault 3 for the former group and faults 10 and 11 for the latter). This reflects a very complicated deformation field in this region, especially for the northern part of the fault.
Estimated Stress Field
In order to estimate the stress field, we have conducted stress tensor inversion using P-and T-axis directions of fault-plane solutions obtained from the moment tensor solutions (Fig. 5) . We used the code "FMSI" developed by Gephart and Forsyth (1984) and Gephart (1990a,b) . FMSI employs the grid search method to find the best-fit stress tensor that explains the fault-plane solution data set. In this computation we used three different weighting schemes: constant, proportional to magnitude, and proportional to variance reduction. We found the result stable for all three different weighting schemes. Here we used the variance reduction weighting scheme because this weighting scheme might reflect the data quality. Following Gephart and Forsyth (1984) , we evaluated the 95% confidence range of the solution as an index of error estimates. The result is shown in Figure 7 and Table 4 .
Using all available fault-plane solutions, the azimuths of the (r 1 , r 2 , r 3 ) directions are (107Њ, 330Њ, 200Њ), respectively, where r 1 , r 2 , r 3 stand for maximum, intermediate, and minimum principal stress, respectively. Compression is positive as conventionally used. R, which is defined as (r 1 ‫מ‬ r 2 )/(r 1 ‫מ‬ r 3 ), is 0.60. We call this solution ALL. The 95% confidence region is quite small (less than 15Њ). The r 1 direction obtained here is consistent with the tectonic stress field in this region by Tsukahara and Kobayashi (1991) , who compiled focal mechanisms of shallow earthquakes and in situ measurements of stress in southwest Japan. Although fault strikes are scattered, the uniform stress field over the aftershock region seems to be able to explain the variation of fault-plane solutions.
However, as mentioned in the previous section, in the northern part of the aftershock region two conjugated fault pairs (the N145ЊE group and N165ЊE group) are found. Thus we also conducted the stress tensor inversion both for the northern and for the southern part in order to examine if the stress field in the entire region is homogeneous or not. We divided the whole area into two regions: north of 35.33Њ N and south of 35.33Њ N (Fig. 6) . In this case, the M 5.1 aftershock and its aftershocks occurring in the western part and the mainshock were excluded.
The result is shown in Figure 7 and Table 4 . In the southern part, we obtained a similar solution as that used for whole region (we call this solution South). The 95% confidence region is also very similar to that of ALL. However, in the northern part, the solution (which we call North 1) was rotated about 20Њ clockwise with small R. The 95% confidence region was found to be broad compared to that of South.
Since the result in the northern part does not seem to be well constrained by the data, we introduced an additional constraint in R. We conducted two inversions assuming either R Ͻ 0.4 or R Ն 0.4. For the R Ͻ 0.4 case, we obtained the same solution as North 1. On the other hand, for the R Ն 0.4 case, we obtained the solution with the r 1 direction of N107ЊE (we call this North 2), which is very similar to ALL and South. The residuals were not so different (Table  4 ). This result suggests that the stress field in this region can be considered homogeneous. Although the North 1 solution suggested a spatial variation of stress, its 95% confidence region is broad and a homogeneous solution (North 2) is still possible.
Since we obtained the geometry of the fault system (Fig. 6) , we could compare the result with that by stress tensor inversion. For the southern part, if we assume that left-lateral faults 1, 2, 4 and right-lateral fault 3 are a conjugated pair (Fig. 6 and Table 3 ), the direction of principal stress axis (r 1 ) is estimated at N110ЊE using the two conjugate strike directions. Although this is a rough estimate, this value is consistent with the stress tensor inversion result, and we could confirm that stress tensor inversion works quite well. For the northern part, left-lateral faults 9, 12, and 13 and right-lateral fault 10 are assumed to be a conjugated pair (Fig. 6 and Table 3 ), the principal axis direction becomes N110ЊE as well. This supports the second solution (North 2) of the stress tensor inversion. However, if we assume 9, 12, and 13 as left-lateral faults and 11 as a right-lateral fault, The fault plane is chosen by comparing with the aftershock trend. although 11 is not estimated the slip direction from moment tensor analysis, the principal stress direction becomes N130ЊE, which is consistent with the first solution (North 1) for the northern part.
Background seismicity along the aftershock region was recognized before the mainshock (Shibutani et al., 2002) . In the southern part, the same lineament was observed by the background seismicity, which suggests the pre-existed fault plane in the southern part. On the other hand, in the northern part, the background seismicity was vague and the preexisting fault trace was not well developed before the mainshock.
Thus in the North 2 case, the background stress field is considered to be homogeneous and the difference in fault orientations in the northern and southern parts is attributed to the variation of the friction on the fault. In North 1, on the other hand, the background stress field might be heterogeneous in the northern part, but the friction on the fault is rather homogeneous. As discussed in Rivera and Kanamori (2002) , we could not resolve these two possibilities from the observation and additional information might be necessary.
Discussion
It should be noted that the complex pattern of aftershocks obtained in the present analysis can largely be ex- plained by a finite set of faults displaying brittle deformation. All the structures that can be seen from the hypocenter distribution are also consistent with the corresponding moment tensor solutions.
In the southern part, where the rupture occurred during the mainshock (Yagi and Kikuchi, 2000; Iwata and Sekiguchi, 2001) , the shape of the fault is rather simple. But at the southern end, the fault is slightly twisted (Fig. 2) . This might be due to the effect of the dynamic rupture. Due to the vertical gradient of the velocity structure in this region, the relative rupture velocity with respect to the shear-wave velocity becomes different between shallow and deep portions of the fault. This causes the variation of hoop stress distribution (Freund, 1990) along depth.
In the northern part, on the other hand, the fault zone appeared just after the mainshock. From the GPS measurement, most of the postseismic slip occurred in this region (Sagiya et al., 2002) . This suggests that in the northern part, ductile slip started to occur just after the mainshock, and aftershocks might be caused by the stress change due to this postseismic slip. A similar phenomenon has been found in the subduction zone where postseismic slip were observed around the mainshock slip area (Yagi et al., 2001) . Moreover, in the northern part, there is a possibility that the stress field might be rotated slightly clockwise. This rotation might be caused by the postseismic slip detected by the GPS observation.
Conclusion
We relocated the aftershocks of the M w 6.6 2000 western Tottori earthquake using the DD method and obtained a very accurate hypocenter distribution. By combining the relocated hypocenters and moment tensor solutions of aftershocks by broadband waveform inversion, we successfully resolved very detailed fault structures activated by the mainshock. The estimated fault model resolves 15 individual fault segments that are consistent with both aftershock distribution and focal mechanism solutions. Most of the faults are left-lateral strike-slip faults. We found that there are two predominant directions for left-lateral faulting striking N145ЊE and N165ЊE. Conjugate right-lateral faults are paired with both sets of left-lateral faults.
Rupture in the mainshock was principally confined to the three fault elements in the southern half of the zone, which is also where the earliest aftershocks concentrate. With time, the northern part of the zone becomes activated, which is also reflected in the postseismic deformation field determined by Sagiya et al. (2002) . We conducted stress tensor inversion of aftershock focal mechanisms and found that the maximum stress direction obtained from the stress tensor inversion is N107ЊE, which is consistent with other estimates of the tectonic stress field in this region. Slip on the complex fault network in the northern part can be explained either by the stress field responsible for the mainshock or by a 20Њ clockwise rotation of the stress field.
